ABSTRACT: This study was conducted to determine the relative contribution of feeding behavior, DMI, apparent DM digestibility (DMD), and passage rate on variation in BW gain. One hundred forty-three crossbred steers were used in this study to determine the factors that contribute to variation in BW gain. Steers were 304 ± 1 d of age and had an initial BW of 338 ± 3 kg. Steers had ad libitum access to feed, and fresh feed was offered twice daily at 0800 and 1500 h. Individual feed intake and BW gains were determined for 106 d. Titanium dioxide was used as an external marker to estimate apparent DMD and passage rate. A multiple-regression analysis was used to determine the relative contribution of initial BW, feed intake, feeding behaviors, digestibility, and passage rate to variance in BW gain, and a path analysis was conducted to determine direct and indirect relationships of the variables. In the regression analysis, initial BW and DMI accounted for 33% of the variation in BW gain. Substituting meal events and meal size for DMI did not increase the amount of variance in BW gain (27%) accounted for by the regression model. There was a slight increase in the variance in BW gain (35%) when apparent DMD was added to initial BW and DMI. When meal events and meal size were substituted for DMI, there was a decrease (30%) in variance accounted for in BW gain. The regression coefficient for the passage rate did not differ from zero (P = 0.63) when the passage rate was substituted for apparent DMD in the regression model that also included initial BW and DMI, nor did it differ from zero (P = 0.39) in the model that substitutes meal events and meal size for DMI. Three models were used in the path analysis. For all 3 models there was a positive correlation (P < 0.001) between DMI and BW gain but not between apparent DMD and BW gain. In all 3 models there was a significant correlation between meal size, meal events, and initial BW on DMI (P < 0.001). Results of both the regression and path analyses suggest that both apparent DMD and passage rate accounted for small proportions of the variance, suggesting that they are minor contributors toward variance in BW gain among cattle fed the same concentrate diet.
INTRODUCTION
In growing cattle, BW gain is typically positively related to feed intake; however, in cattle offered ad libitum access to feed, intake accounts for just a portion of the variance in BW gain. Increasing the digestibility of the diet increases BW gain (Ferrell et al., 2006) ; however, fewer data are available describing variation in apparent DM digestibility (DMD) within a population of cattle on the same diet on BW gain (Richardson et al., 2004; Nkrumah et al., 2006) . Feeding behavior has also been associated with differences in BW gain. Time spent eating has been reported to be positively associated with BW gain (Nkrumah et al., 2006 (Nkrumah et al., , 2007 Lancaster et al., 2009 ). This study was conducted to determine the relative contribution of animal variation in feeding behavior, apparent DMD, and passage rate on variation in BW gain when cattle were fed the same diet.
MATERIALS AND METHODS

Feed Intake and Growth
This experiment was approved by the U.S. Meat Animal Research Center Animal Care and Use Committee. One hundred forty-three crossbred steers were used in this study to determine the factors that contribute to variation in BW gain. The steers were born in August and September and weaned in February. On May 12, steers were placed into 3 pens (15.2 × 45.7 m) of a feeding facility that was equipped with an Insentec Roughage Intake Control Feeding System (Insentec B.V., Marknesse, The Netherlands). Each pen housed approximately 50 steers and had 8 feed bunks and 2 waterers designed to measure individual feed and water intake. Feeders and waterers were located inside an open-sided barn. The barn was 4.8 m high at the front and covered 162 m 2 of the pen. The barn was equipped with lights that were on at night. Steers were allowed to acclimate to pens and the feed intake system using a receiving diet. On June 10, steers were placed on the finishing diet (Table 1) .
Individual feed intake collection began June 24 and lasted for 106 d. At the start of the trial, steers were 304 ± 1 d of age and had an initial BW of 338 ± 3 kg. Steers had ad libitum access to feed, and fresh feed was offered at 0800 and 1500 h daily. The feeding system records individual meal and drinking events by identifying a steer using an electronic identification tag (Allflex halfduplex, Allflex USA Inc., DFW Airport, TX), recording the weight of the feeder/waterer before the event, and recording the weight after the event has occurred. A meal was defined as a series of individual events that did not exceed 10 min between the most previous event and the next event. Meal size was defined as the sum of the feed disappearance for all of the events within a meal. Meal length was defined as the time that elapsed from the start of the first event within a meal until the last event within a meal. Feed was sampled daily, and a weekly composite sample was made for determination of DM. Dry matter intake was calculated as the feed consumed within an event multiplied by the DM composition of the feed for that week. Dry matter intake for the 106-d feeding period was calculated as the sum of all DMI events within an animal. Similarly, water intake for the 106-d feeding period was calculated as the sum of all water intake events within an animal.
Body weights were measured on 0, 1, 14, 28, 42, 56, 70, 83, 84 , and 106 d of study. A quadratic polynomial was used to regress BW to day of study for each steer. Initial BW was estimated as the intercept of the regression, and BW gain was estimated from the equation.
Dry Matter Digestibility and Passage Rate
Eleven days after the feed intake and BW gain measurements ended, steers were fed a diet that included 0.193% titanium dioxide for 7 d (Table 2) . Titanium dioxide was mixed with the other components of diets daily using a horizontal auger mixer, and all cattle were fed from the same batch each day. Daily feed samples were collected from each bunk (n = 8 per pen) within the pen, and 100 g of each bunk sample was composited to make a sample for each pen. The samples were frozen until further laboratory analysis. On the morning of the seventh day before fresh feed was offered, a rectal grab fecal sample (approximately 100 g) was collected from each steer and frozen. After fecal collection, steers were returned to the finishing diet (diet 1), and a subsequent rectal grab fecal sample was collected 2 d later.
Feed and fecal titanium concentrations were determined using procedures outlined by Short et al. (1995) and Titgemeyer et al. (2001) with the following modifications. Feed and fecal samples were thawed and placed in a drying oven at 55°C for approximately 48 h. Samples were then ground to pass through a 1-mm screen, and 0.5 g of sample was dried at 100°C for approximately 24 h to determine DM content. The dried samples were ashed at 580°C for approximately 15 h, and organic matter content was determined by difference. Twenty milliliters of H 2 SO 4 and (NH 4 ) 2 SO 4 (7.4M and 1.2M, respectively) were then added to the ashed samples, and samples were placed on a hot plate at full heat for approximately 1 h. Twenty-five milliliters of distilled deionized water were added to samples, and contents were filtered through filter paper (Whatman 541, Whatman LTD) into a 100-mL volumetric flask. Flasks were brought to volume with distilled deionized water. Five milliliters of sample were reacted in 0.200 mL of 30% hydrogen peroxide, resulting in a color reaction. The samples were allowed to set overnight, and the absorbance of the color reaction was measured using a spectrophotometer set at 410-nm wavelength. Titanium concentrations were expressed as Ti, mg/DM, g. Dry matter digestibility was calculated with the following equation:
Passage rate was calculated by regressing the natural log of Ti concentration on time for the 0 and 2 d fecal samples.
Statistical Analysis
Time of day effects of DMI on BW gain were tested with a no-intercept model that included total DMI and the proportion of daily DMI for each 2-h period starting at midnight, where the period from midnight to 0200 h was used as the reference period. Meal and drinking events that started in one 2-h period and finished in the next 2-h period were credited to the first period.
Two analyses were performed to determine the relative contribution of initial BW, feed intake, feeding behaviors, apparent digestibility, and whole-tract passage rate to variance in BW gain. The first was a multivariate regression analysis where different models were used to determine the variation in BW gain accounted for by the model and, standardized coefficients from the regression analysis were used to estimate the relative contribution of each independent variable. The second was a path coefficient analysis that was used to determine the relationship between variables.
Multivariate Analyses. Six regression models were evaluated (Table 3 ). The base model to evaluate BW gain included initial BW and DMI. Dry mater intake is a function of the number of meals consumed and meal size, and these variables were substituted for DMI in the second model. The third model included initial BW, DMI, and apparent DMD. The fourth model was the same as the second model with the inclusion of apparent DMD. Because there is a correlation between DMD and passage rate, DMD and passage rate were not included in the same model. Model 5 is the same as model 3 with passage rate substituted for DMD, and model 6 is the same as model 4 with passage rate substituted for DMD. Regression analyses were conducted using the regression procedure of SAS (SAS Inst. Inc., Cary, NC). Standardized coefficients from the regression analysis were used to estimate the relative contribution of each independent variable toward the total variance accounted for in the regression model. The relative contribution for a given variable was calculated as the square of the standardized regression coefficient divided by the sum of the squares of all of the standardized regression coefficients. Variance estimates for regression coefficients and means are reported as standard errors. Parameters with probabilities less than 0.05 were considered to differ from zero.
Path Coefficient Analyses. Three models were tested for the path coefficient analysis. All 3 models assume direct effects of meal size and meal events on DMI, initial BW on DMI, DMI on BW gain, and apparent DMD on BW gain. Model 1 (Fig. 1 ) also assumes direct effects of apparent DMD on passage rate, which has direct effects on meal size and meal events. Like model 1, model 2 (Fig. 2 ) assumes a direct effect Table 3 . Regression coefficients ± standard errors (parameter) and standardized coefficients (SC) for the independent variables of initial BW, DMI, total meals, average meal size, dry matter digestibility, and passage rate on the dependent variable BW gain of apparent DMD on passage rate, but passage rate effects are assumed to have a direct effect on DMI rather than meal size and meal events. Model 3 (Fig. 3 ) assumes that passage rate has a direct effect on DMD and is not related directly to DMI, meal size, or meal events. Path coefficient analyses were conducted using the Calis procedure of SAS. Path coefficients between components of the models are listed in the figures. Path coefficients were determined to differ from zero at P < 0.001 using a t test.
RESULTS
During the 106-d period, steers gained 1.77 ± 0.02 kg BW/d, ate 8.4 ± 0.1 meals/d, and consumed 1.22 ± 0.02 kg/meal. Apparent DMD was 62.3% ± 0.9%, and passage rate was 0.130 ± 0.001 h -1 . Three steers were not used for apparent DMD, and 4 steers were not used for passage rate because of failure to collect a fecal sample.
Multivariate Analyses. Body weight gain was negatively related to initial BW in all regression models tested in this study (Table 3) . Initial BW and DMI accounted for 33% of the variation in BW gain (regression 1; Table 3 ). Initial BW accounted for 31%, and DMI accounted for 69% of the variance. Substituting meal events and meal size for DMI did not increase the amount of variance in BW gain (27%) accounted for by the regression model (regression 2; Table 3 ). Initial BW accounted for 8%, meal events 30%, and meal size 62% of the variance.
There was a slight increase in the accounted variance in BW gain (35%) when apparent DMD was added to initial BW and DMI (regression 3; Table 3 ). Initial BW accounted for 31%, DMI accounted for 67%, and apparent DMD accounted for 2% of the variance. When meal events and meal size were substituted for DMI, there was a decrease (30%) in variance accounted for in BW gain (regression 4; Table 3 ). Initial BW accounted for 8%, meal events 28%, meal size 62%, and DMD 1% of the variance.
The regression coefficient for passage rate did not differ from zero (P = 0.63) when passage rate was substituted for apparent DMD in the regression model that also included initial BW and DMI (regression 5; Table 3 ), nor did it differ from zero (P = 0.39) in the model that substitutes meal events and meal size for DMI (regression 6; Table 3 ).
Path Coefficient Analyses. In all 3 models there was a positive path coefficient (P < 0.001) between DMI and BW gain, but not between apparent DMD and BW gain. In models 1 and 2, there was a positive path coefficient correlation between apparent DMD and passage rate (P < 0.001) andand conversely between passage rate and apparent DMD in model 3 (P < 0.001). The path coefficients between passage rate on meal size and meal events were not different from zero in model 1 (P > 0.001), and neither were the path coefficients between passage rate and DMI in model 2 (P > 0.001). In all 3 models the path coefficients between meal size, meal events, and initial BW on DMI differed from zero (P < 0.001). The path coefficient between apparent DMD on DMI was not different from zero in model 3 (P > 0.001).
Time spent eating was greatest from 0800 through 2200 h, and DMI followed the same pattern (Table 4) . Total DMI tended to be correlated to time spent eating (r = 0.15; P = 0.08). Steers that consumed more feed in the morning tended to gain more BW than steers that ate feed in the afternoon (P = 0.06; Table 5 ). During the 106-d period, steers consumed 931 ± 8 kg of imbibed water (water in their feed) and drank 2,822 ± 46 kg of water. Steers had 714 ± 11 drinking events. Water drunk coincided with feed intake, with the heaviest water consumption occurring from 0800 h through 2200 h (Table 6) . Total water intake (feed water + water drunk) increased with increased DMI (Fig. 4) . There was a positive relationship between water consumed and BW at the middle of the study (MidBW): water consumed = f(MidBW) = (6.060 ± 1.111) × MidBW + (1188.1 ± 472.6), R 2 = 0.17.
DISCUSSION
Data were evaluated with regression analysis to determine the relative contribution of each of the measured variables in describing variation in BW gain. Because some of the measured traits were correlated, these traits were not all included in a single multivariate regression, and 6 regressions were tested to determine the contribution of each of the traits.
A path analysis was used to determine the relationship between traits. Three models that made different assumptions about the relationship between the observed traits were evaluated. All 3 models assumed that DMI and apparent DMD had direct effects on BW gain. The 3 models also assumed that meal size, meal events, and initial BW had a direct effect on DMI. Model 1 assumes that apparent DMD directly correlated to passage rate. The reasoning is that more complete digestion will speed passage rate. Model 1 also assumes that passage rate will affect meal size and meal events. The concept is that more rapid movement of feed though the digestive tract would result in less fill, and cattle would more likely increase the meal numbers and size. Model 2 makes the same set of assumptions as model 1, except that passage rate is having direct effects on DMI rather than through changes in feed behavior. Model 3 reverses the assumed relationship between passage rate and apparent DMD. The assumption is that changes in passage rate change apparent DMD, which in turn has a direct effect on DMI.
Both the regression analyses and path analyses indicate a direct relationship between DMI and BW gain. Numerous studies have demonstrated a positive relationship between BW gain and feed intake in cattle offered feed ad libitum, and within narrow ranges of intake, the response is typically linear (Lofgreen and Garrett, 1968) . Arthur et al. (2001) reported a genetic correlation of 0.54 ± 0.06 between ADG and feed intake. In this study, DMI and initial BW accounted for 33% of the variance in BW gain. The amount of variance in BW gain accounted for by DMI is typically greater in cattle fed a forage diet compared with cattle fed grain diets (Ferrell et al., 2006) . Both the physical gut fill and the metabolic status of the cattle will control satiety. On forage diets, the consensus is that physical distention of the gastrointestinal tract limits voluntary DMI (Allen, 1996) . On diets that have less fiber and are nutrient rich, metabolic feedback will contribute to satiety. The response of energy gain on feed energy intake tends to be hyperbolic in studies that have measured a wide range of intakes (Ferrell and Jenkins, 1998) . Gut fill is more likely to be a limiting factor on high-forage diets than on high-concentrate diets, preventing cattle from eating beyond physiological capacity to digest feed and metabolize nutrients. The general shape of this curve suggests that cattle can eat beyond their capacity to utilize feed and that at the asymptote, metabolic satiety is contributing a greater role toward the regulation of food intake than gut fill is. In our study and others that fed high-concentrate diets, cattle tend to be near the asymptote, which would be associated with a greater variance in the relationship between BW and feed intake. Path analysis demonstrates that both meal size and meal events are positively correlated with feed intake. Substituting meal events and meal size for DMI in our regression analysis did not improve the predictability of BW gain. Differences in these global measures of feeding behavior did not improve the ability to predict BW gain beyond accounting for DMI.
Residual feed intake is the variance associated with feed intake after accounting for growth and cattle size. Feeding behavior has been demonstrated to vary in cattle selected for residual feed intake, and as would be expected, when cattle are stratified into having a lesser or greater feed intake than would be predicted, they differ in their meal sizes and the frequency of feeding Richardson et al., 2004; Golden et al., 2008; Bingham et al., 2009) . Cattle that consumed more feed than predicted have more and larger meals. These differences in meal behavior are a consequence of the selection criteria. The cattle in our study were not selected and represent a sample of the population. The majority of the meals and DMI occurred between 0800 and 2200 h. Fresh feed was delivered at 0800 h, which may have acted as a signal for steers to begin feeding. Gibb et al. (1998) reported a biphasic feeding pattern in ad libitum fed cattle, with peak bunk attendance occurring from 0800 to 1200 and 1600 to 2000 h. In our study, cattle fed continuously from 1000 through 1800 h, and the peak feeding period occurred from 1800 through 2000 h. The time of day that cattle fed did not have an influence on the total DMI; however, feeding in the morning and late evening tended to be associated with an increase in BW gain compared to feeding in the afternoon and early evening. This study was conducted during the summer and early fall, and cattle would have had to work harder to dissipate the increase in the heat increment associated with eating during the afternoon and early evening compared to the morning and late evening. Additional work such as increased respiration rates and panting potentially could reduce the feed energy available for BW gain. Lancaster et al. (2009) and Nkrumah et al. (2007) reported that BW gain is correlated to time spent eating but not the total number of meals. Schwartzkopf-Genswein et al. (2011) reported steers fed a finishing diet and classified as having a high ADG spent more time at the bunk than other steers. In this study the parameter estimate for time spent eating did not differ from zero when it was added to the base model of initial BW and DMI, suggesting that time spent eating did not account for additional variance in BW gain. We used a different approach than Schwartzkopf-Genswein et al. (2011) to calculate time spent eating. In their study, time spent eating was calculated as the actual time the steer was eating from the feed bunk. In our study, time spent eating included time spent chewing outside of the bunk, and the time that a steer moved from one bunk to another within the meal event. In all 3 models from the path coefficient analyses, DMI is positively correlated with initial BW. This correlation would be expected given that larger cattle typically expend more intake energy for maintenance. Body weight gain was negatively related to initial BW in all regression models (Table 3) . Several factors may contribute to the negative relationship. Cattle that had a restricted environment before going onto study would be expected to exhibit compensatory gain, resulting in a negative relationship between gain and initial BW. In the current study, growth was not limited before cattle were placed on study, and compensatory gain should not have been a contributor to the negative coefficient for initial BW. Another factor that may contribute to a negative relationship is that young cattle with less initial BW have a greater proportion of gain as protein compared to more mature cattle, which results in a greater portion of the gain being water (Geay, 1984; Buckley et al., 1990) . There was a slight positive correlation between initial BW and age (r = 0.19; P = 0.02), suggesting that the negative coefficient may be associated with composition of gain.
More complete digestion of feed could potentially account for increased BW gain. Changing the composition of a diet to components that are more digestible increases weight gain (Ferrell et al., 2006) ; however, little information is available on the extent of differences in rates of DMD of the same diet on BW gain. Inclusion of apparent DMD in the regression equation resulted in a minor increase in the accounted variance in BW gain. Correlations between apparent DMD and BW gain and apparent DMD and DMI were not different in the path analyses. These results suggest that differences in apparent DMD on a highcorn diet will not account for differences in performance. Richardson et al. (2004) and Nkrumah et al. (2006) did not observe a correlation between apparent DMD and ADG in cattle that were used in nutrient balance trials. The current study differs from these previous studies in that it uses an external marker to determine apparent DMD on a population of cattle, whereas the other studies determined apparent DMD in nutrient balance trials conducted in metabolism facilities. Cruz et al. (2010) used lignin as an internal marker during a feeding trial and found no differences in apparent DMD between steers ranked low and high for residual feed intake. Regardless of the methodology used, the interpretation has been similar across studies that differences in DMD are not accounting for differences in BW gain. In this study, inclusion of passage rate did not account for additional variance in BW gain. Path analyses do support a positive correlation between passage rate and DMD, but subsequent effects on feeding behavior and DMI are not supported.
The current study evaluated the role of feeding behaviors, characteristics of digestion, and animal size in accounting for variance in BW gain of steers fed a highconcentrate diet and only accounted for approximately one-third of the variance, suggesting other factors that are postabsorptive are involved in regulating BW gain. A potential mechanism for the difference in nutrient utilization across animals is the frequency with which they synthesize and break down chemical bonds. Protein is continuously being synthesized and broken down (Lobely et al., 1980; Eisemann et al., 1989) . In ruminants, protein turnover may account for as much as 28% of the energy expenditure in muscle and greater amounts in the gastrointestinal tract and skin (Lobley, 1991) . As a fraction of BW, protein represents a large proportion of the total chemical composition of the animal, and the fraction of protein typically decreases as cattle age (Buckley et al., 1990; Jenkins and Ferrell, 1997) .
The availability of feed, transportation, and water must be considered when determining where to locate a cattle feeding facility. Unlike feed, adequate water must be available on site because of the high cost of transportation. Water consumed in feed, water drunk, and water derived from metabolism of feed (metabolic water) all contribute to the daily water intake of cattle. The amount of metabolic water produced is dependent on what metabolites are catabolized; consequently, the amount of metabolic water produced is a function of the chemical composition of nutrients absorbed and the chemical composition of the BW gain. In the current study, we had a direct measure of the water consumed (water in feed + water drunk). Sexson et al. (2012) reported that 468-kg steers fed steam-flaked corn rations drank 37.1 L/d. Assuming their diets were 78% DM, an additional 2.8 L/d would be consumed in the feed for a total of 39.9 L/d. Mader and Davis (2004) reported 2 experiments where steers were offered ad libitum access to dry-rolled corn-based diets. In 1 experiment, steers weighed 508 kg and drank 39.5 L/d of water. Assuming that the DM of their diet was 88%, we predict that they ate 1.3 L/d of water for a daily consumed water of 40.8 L/d. In their second study, steers weighed 554 kg and drank 38.3 L/d of water. On the basis of a diet DM of 88%, we predict that they ate 1.5 L/d for a total daily consumption of 39.8 L/d. Our water consumed was lower (35.4 L/d); however; our steers were smaller (432 kg) than the steers in the other 2 studies. In a univariate analysis, Sexson et al. (2012) reported a negative relationship between water drunk and BW; however, we observed a positive relationship between water drunk and BW at the middle of the study. Cattle lose water daily through respiration, urine, and feces. It is reasonable to believe that water loss and intake would be positively associated with BW. In both our study and that of Sexson et al. (2012) , water drunk was positively related to DMI. Since feed contains water, there is going to be an inherent relationship between water eaten and DMI, but water eaten accounts for the minority of the water consumed
